We have developed and characterized a rapid semiautomated pneumococcal serotyping system incorporating a pneumococcal lysate preparation protocol and a multiplex serotyping assay. The lysate preparation incorporates a bile solubility test to confirm pneumococcal identification that also enhances assay specificity. The multiplex serotyping assay consists of 24 assays specific for 36 serotypes: serotypes 1, 2, 3, 4, 5, 6A, 6B, 7A/7F, 8, 9L/9N, 9V, 10A/10B/39/(33C), 11A/11D/11F, 12A/12B/12F, 14, 15B/(15C), 17F, 18C, 19A, 19F, 20, 22A/22F, 23F, and 33A/33F. The multiplex assay requires a flow cytometer, two sets of latex particles coated with pneumococcal polysaccharides, and serotype-specific antibodies. Fourteen newly developed monoclonal antibodies specific for common serotypes and a pool of polyclonal rabbit sera for some of the less-common serotypes are used. The two monoclonal antibodies specific for serotypes 18C and 23F recognize serotypespecific epitopes that have not been previously described. These monoclonal antibodies make the identification of the 14 common serotypes invariant. The specificity of the serotyping assay is fully characterized with pneumococci of all known (i.e., 90) serotypes. The assay is sensitive enough to use bacterial lysates diluted 20 fold. Our serotyping system can identify not only all the serotypes in pneumococcal vaccines but also most (>90%) of clinical isolates. This system should be very useful in serotyping clinical isolates for evaluating pneumococcal vaccine efficacy.
Streptococcus pneumoniae is a well-known human pathogen and a major etiologic agent for pneumonia, meningitis, otitis media, and sepsis, primarily among young children and older adults (3) . S. pneumoniae is divided into 90 serotypes, based on its expression of serologically distinct carbohydrate capsules (6) . Antibodies to a capsular polysaccharide (PS) provide protection against pneumococci expressing the same capsular serotype. Currently available pneumococcal vaccines contain a mixture of capsular PS of multiple serotypes. One pneumococcal vaccine (called PS vaccine) contains capsular PS from 23 commonly found serotypes (17) . The most recently developed type of vaccine (called conjugate vaccine) contains capsular PS from 7 to 11 serotypes that are conjugated to a protein molecule (26) . A 7-valent conjugate vaccine was introduced in 2000 for routine immunization in the United States and has reduced the incidence of invasive pneumococcal diseases in children (25) .
Accurate, efficient serotyping of pneumococcal isolates is important for measuring the efficacy of pneumococcal vaccines. Since the vaccine-induced antibodies provide serotypespecific protection, following the introduction of a new pneumococcal vaccine, pneumococci expressing the serotypes included in the vaccine would become less common while the prevalence of the pneumococci expressing nonvaccine serotypes would stay the same. As a result, a reduction in vaccine serotypes reflects the vaccine efficacy. In some cases, pneumococci expressing the nonvaccine types replace those expressing the vaccine serotypes and the prevalence of nonvaccine types may become higher (16) . Further, the prevalence of serotypes can change over time for unknown reasons (5) . As these changes would influence the clinical effectiveness of a vaccine, serotyping a large number of pneumococcal isolates is required as a part of monitoring pneumococcal vaccines.
Although there are numerous serotyping methods (2, 4, 6, 9-11, 13, 18-21) , the ones that are currently used are inadequate. The assays use polyclonal antibodies, which may not be able to distinguish closely related serotypes easily. The assays are not quantitative and require considerable experience to correctly interpret the results. Because over 20 serotypes are common among clinical isolates, an isolate must be tested for a large number of serotypes. Yet the available methods are manual and slow. To overcome these problems, we previously described a multiplex assay based on flow cytometry for a small number of serotypes (15) . We now describe 14 monoclonal antibodies and a multiplex assay for the serotypes included in the 23-valent PS vaccine.
was added to the microtube, and the tube was incubated for an additional hour at 37°C.
Serogrouping rabbit antisera S, T, E, and F were purchased from the Statens Serum Institut. Mouse hybridomas were produced as described previously (22) . Briefly, BALB/c mice were immunized twice subcutaneously with PS-protein conjugate (days 0 and 21) and once intraperitoneally on day 59. The immunogen for seven serotypes (4, 6B, 9V, 14, 18C, 19F, and 23F) was Prevnar (Wyeth Lederle Vaccines, Pearl River, N.Y.). Conjugates used for serotypes 5 and 7F were prepared at the U.S. Food and Drug Administration (Bethesda, Md.), the 6A conjugate was a gift of Porter Anderson (Rochester, N.Y.), and conjugates of serotypes 1, 3, and 9N to ovalbumin were prepared in our laboratory as follows. Cyanogen bromide-activated PS was coupled to ovalbumin during an overnight incubation. The PS-protein conjugate was purified from the reaction mixture with a molecular weight sizing column. Each dose contained 1 g of PS for serotypes 4, 9V, 18C, 19F, and 23F; 2 g for serotypes 3 and 6B; and 10 g for serotypes 1, 5, 6A, 7F, and 9N. The primary and secondary immunogens contained 10 g of Quil A (Sigma Chemical, St. Louis, Mo.).
Three days after the last immunization, the spleen was harvested, and splenocytes were fused with SP2/0 Ag-14 as previously described (14) . Primary culture wells were screened for the production of desirable antibodies, and the wells producing desirable monoclonal antibodies were cloned twice by limiting dilution. A human-mouse hybridoma, Dob9, was produced by hybridizing peripheral blood lymphocytes from a person immunized with a 23-valent PS vaccine, as described previously (23) .
Preparation of latex beads coated with different pneumococcal PS serotypes. Fifteen different types of latex beads were produced by staining latex beads of five different sizes (2 to 4.8 m in diameter) to three different levels (none, low, and high) of red fluorescence with DiD oil (1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindodicarbocyanine perchlorate) from Molecular Probes (Eugene, Oreg.). One of 14 different pneumococcal PSs (serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9N, 9V, 14, 18C, 19A, 19F, and 23F) was adsorbed onto each of 14 types of beads. The 14 different bead preparations were then mixed together and used as bead set 1 in the assay. Bead set 2 was created by coating each of 10 bead types with one of 10 different pneumococcal PS (serotypes 2, 8, 10A, 11A, 12F, 15B, 17F, 20, 22F, and 33F) and then by mixing the 10 types of PS-coated beads together. All the beads were coated with capsular PS from the American Type Culture Collection (Manassas, Va.), except for the beads coated with serotypes 3, 18C, 6B, 9V, and 19F. Those five beads were coated with PS-protein conjugate to increase the stability of PS coating and the shelf life of the beads.
Multiplex serotype assay. The assay was performed as described in detail previously (15) and summarized in Fig. 1 . In brief, 30 l of appropriately diluted pneumococcal lysate, 40 to 56 l of a mixture of latex beads (4 l per each serotype), and 30 l of serotype-specific antibodies were added to a microwell of a microtiter plate. The buffer used for dilutions was phosphate-buffered saline containing 1% bovine serum albumin, 0.05% Tween 20, and 0.05% sodium azide. As serotype-specific antibodies, a mixture of 14 monoclonal antibodies was used for bead set 1. For bead set 2, the type-specific antibodies were an equal volume mixture of serogrouping rabbit antisera S, T, E, and F that were diluted 600 fold in the dilution buffer containing 40 g of cell wall PS (Statens Serum Institut)/ml. After 30 min of incubation at room temperature, the beads were washed in the microtiter plate with 200 l of normal saline containing 0.05% Tween 20 and 0.05% sodium azide, and the mixture of fluorescein-conjugated anti-immunoglobulin (Ig) antibodies was added. For bead set 1, a mixture of fluoresceinconjugated anti-human (Sigma Chemical) and fluorescein-conjugated antimouse Ig was used. For bead set 2, a fluorescein-conjugated anti-rabbit Ig antiserum (Southern Biotechnology Assoc., Birmingham, Ala.) was used.
After 30 min of incubation, the beads were washed as described above, and the fluorescence of the beads was determined with a flow cytometer (FACSCalibur; Becton Dickinson, San Jose, Calif.). At least 300 beads were examined for each bead type. Bead types were recognized with forward scatter and red fluorescence. The geometric mean of green fluorescence was obtained for each type of bead. Normalized fluorescence was calculated as follows: (geometric mean fluorescence of a sample Ϫ geometric mean of background)/(geometric mean fluorescence of negative sample Ϫ geometric mean of background). Fluorescence of the beads without any primary antibody was used as the background fluorescence. The geometric mean of the fluorescence obtained with the lysate of a noncapsulated strain (R36A) or a strain expressing an unrelated serotype was used as the maximal fluorescence (100%).
RESULTS

Assay characteristics. (i) Production of monoclonal antibodies and assay development.
To produce a set of fully characterized reagents that are invariant, we have produced monoclonal antibodies to 14 commonly isolated serotypes (Table 1) . One hybridoma (Dob9) is a human-mouse hybridoma, which produces human antibody specific for 19A and 19F. All others were obtained by hybridizing splenocytes of mice, which were immunized with a protein-PS conjugate. All hybridomas produced either IgM or IgG antibodies except for one, which produced IgA antibody (Table 1) . A mixture of 14 hybridoma culture supernatants was used for the multiplex serotyping assay.
(ii) Determination of assay sensitivity with purified PS and bacterial lysates. Once the multiplex assay format was developed, the assay was first tested for assay sensitivity with purified capsular PS. For most serotypes, about 0.1 g of PS/ml was sufficient to reduce 50% of the normalized fluorescence. For To investigate whether the assay has an adequate sensitivity for actual bacterial isolates, we determined the dilution of pneumococcal lysates that reduces the normalized fluorescence signal by 66.7% (Fig. 2) . For the 66.7% inhibition, bacterial lysates could be diluted more than 20 fold: pneumococcal lysates of serotypes 9V, 9N, 20, and 33F could be diluted 25 to 50 fold, and the lysates of the other serotypes could be diluted more than 250 fold. Since 0.1 to 0.7 g of purified PS/ml is required for 50% inhibition, these observations suggest that pneumococcal lysates usually contain more than several micrograms per milliliter of capsular PS.
(iii) Determination of assay specificity with pneumococci expressing related serotypes. Once the assay sensitivity was determined, the specificity of the assay was evaluated with bacterial lysates of pneumococci expressing related serotypes (Table 2 ). When the assays using monoclonal antibodies were examined, they were highly specific for a single serotype, except for three serotypes (7F, 9N, and 19A). For instance, 9V lysate could inhibit the fluorescence signal of 9V assay by 50% even after an 80-fold dilution, but the lysates of related serotypes (9A, 9L, and 9N) inhibited the signal by less than 10% even when the lysates were diluted only 5 fold. The three cross-reactive serotypes (7F, 9N, and 19A) are known to express cross-reactive epitopes (7b, 9b, and 19d, respectively) (6), and the recognition of these epitopes by the monoclonal antibodies could fully explain the observed cross-reaction patterns. For instance, 9L lysates inhibited the 9N assay as well as the 9N lysate, but 9A and 9V lysates did not inhibit at all. The 9b epitope was expressed on serotypes 9L and 9N but not on 9A and 9V. Also, the 19A assay reacted with 19F as well as 19A. This cross-reaction did not limit our ability to distinguish 19F and 19A strains: 19F strains inhibited both 19A and 19F assays, but 19A strains inhibited only the 19A assay. Since these crossreactions did not limit the assays' usefulness, the assays for the three serotypes were not modified any further. However, the assays were labeled as 9N/9L, 7F/7A, and 19A/19F assays to avoid confusion.
An interesting finding was that our assays for 18C and 23F were type specific. So far, there are no serotype-specific epitopes identified for these two serotypes (6) . Thus, our monoclonal antibodies for 18C and 23F may recognize new epitopes, and we provisionally labeled them 18h and 23e epitopes ( Table 2) .
The assays based on the rabbit antisera were also evaluated for specificity with the lysates of related serotypes ( Table 2) . The assay did not show any cross-reaction with unrelated serotypes. Lysates of non-cross-reactive serotypes, even at a fivefold dilution, inhibited the fluorescence signal less than 33.3%. Among the related serotypes, the rabbit serum assays displayed a The numbers in the table indicate normalized fluorescence, which was calculated as (geometric mean fluorescence of a sample Ϫ geometric mean of background)/(geometric mean fluorescence of negative sample Ϫ Geometric mean of background). Fluorescence of the beads without any primary antibody was used as the background fluorescence. The fluorescence obtained with the lysate of a noncapsulated strain (R36A) or a strain expressing an unrelated serotype was used as the fluorescence of negative sample. various cross-reaction patterns. The assay for 11A serotype fully cross-reacted with 11D and 11F serotypes but not with 11B and 11C serotypes. Also, the assay for 12F serotype recognized both serotypes 12A and 12B. 12A lysate was less inhibitory than the 12B or 12F lysates, this may be a result of the 12A strain producing less capsular PS than 12B or 12F strains. Consequently, the 12A serotype could not be distinguished from 12B or 12F serotypes. As with the three assays using monoclonal antibodies, we labeled these 11A/11D/11F and 12A/12B/12F assays. A similar rationale was used to name assays 10A/10B, 22A/22F, and 33A/33F. These cross-reaction patterns were consistent with assays recognizing cross-reactive epitopes indicated in Table 3 .
In the case of the 15B assay, the assay cross-reacted with 15C but not with 15A and 15F. The cross-reaction with 15C was partial, shown by the fact that the normalized fluorescence remained at about 40% even though the dilution of the 15C lysate was reduced from 20 to 5 fold (Table 3) . This crossreactivity can be explained if our antisera contained antibodies recognizing the 15e epitope present in serotypes 15B and 15C and 15h epitope that was expressed only on the 15B serotype. Thus, the assay was labeled as the 15B/(15C) assay to reflect only the partial cross-reaction with 15C.
(iv) Operational characteristics of the test.
Following the above studies, we examined the operational characteristics of all 24 assays together. Due to the use of microtiter plate systems, we could easily handle a large number of samples. Also, the bacterial lysis step was specific for pneumococci. All pneumococcal isolates we examined so far were lysed, but other bacterial species including S. pyogenes, group B streptococcus, staphylococcus, and E. coli were not lysed. Based on pilot studies, bacterial lysates diluted 1:5 and 1:20 were analyzed in duplicate for the routine serotyping assay. Normalized fluorescence signals greater than 66.7% were determined to be negative, signals from 33.3 to 66.6% were indeterminate, and signals of less than 33.3% were positive.
Our 14 new monoclonal antibodies may react with capsular PS belonging to only a subset of a serotype. We therefore tested 104 pneumococcal strains representing the 14 serotypes identified by our monoclonal antibodies (Table 4) under the operational test conditions described above. While most strains were found to have the expected serotype, there were a few exceptions. All the strains displayed only one serotype, except one strain. The isolate previously reported to be serotype 1 was contaminated with two other strains expressing serotype 9V and serotype 23F. One serotype 3 strain was found to produce no capsular PS, and it was found to be a laboratoryinduced non-capsule-producing mutant. Two strains produced marginal amounts of capsular PS, and their capsular PS could be detectable only at 1:5 dilutions. Since the two isolates have been maintained in the laboratory for 10 and 30 years, respectively, variants producing small amounts of capsule may have been selected. Serotypes of three strains were clearly discrepant. One 6A isolate was found to express the 6B serotype. Another isolate was labeled 6B but expressed the 6A capsule. One 23F isolate was found to be serotype 22F. In view of the pattern of these discrepancies, the differences may have arisen from human errors in labeling the strains. Taken together, we concluded that the new monoclonal antibodies do not subdivide a serotype into subsets and that the operational test conditions (i.e., dilutions and decision criteria) were adequate.
As the second operational test of the assay, we examined all 90 serotypes with the assay. This also fully characterized the a The numbers in the table indicate normalized fluorescence, which was calculated as (geometric mean fluorescence of a sample Ϫ geometric mean of background)/(geometric mean fluorescence of negative sample Ϫ geometric mean of background). Fluorescence of the beads without any primary antibody was used as the background fluorescence. The fluorescence obtained with the lysate of a noncapsulated strain (R36A) or a strain expressing an unrelated serotype was used as the fluorescence of negative sample. serotype specificity of the assay. As shown in Fig. 3 for serotypes 9V, 9N, 15B, and 17F, the assay was highly specific for the given serotype. Fluctuations of fluorescence signal around 100% were higher for some serotypes (e.g., serotype 9N) than others. The amount of fluctuation was inversely correlated with the magnitude of the fluorescence signal with no inhibitors. We found that contamination by the neighboring wells was a significant problem. Since the contamination occurred among neighboring wells and was not reproducible, the cross-contamination was easily recognized. Cross-reactions were observed for the serotypes that we had found to occur discussed above. For the 15B serotype assay, a 15B strain inhibited more than 67%; 15C inhibited less than 67% but more than 33%, even at the fivefold dilutions. An unexpected cross-reaction was observed when the assay for serotype 10A was tested with serotypes 33C and 39. The cross-reaction with serotype 39 was complete, and the crossreaction was confirmed with another isolate of serotype 39. Serotype 39 is known to express epitope 10d, which is shared with serotypes 10A and 10B (6). Thus, our assay for serotype 10A detected this epitope. The cross-reaction with serotype 33C was partial (inhibition was between 33 and 67% for both 1:5 and 1:20 dilutions). Serum pools E and S had antibodies to 10A, and the cross-reaction was traceable to serum E. This partial cross-reaction may suggest the presence of an as-yetunidentified epitope that is found in both serotype 33C and 10A. However, serotype 33C is extremely rare, and we currently have no other strains expressing 33C; the explanation for this partial cross-reaction could not be further characterized.
DISCUSSION
We describe a rapid, semiautomated multiplex serotyping assay system for pneumococci with several improvements over the conventional typing. A major advantage is that it uses well-characterized serotyping reagents. For the common serotypes included in the 7-to 11-valent conjugate vaccines, our assay uses monoclonal antibodies that are highly specific and that will be available indefinitely. These monoclonal antibodies could become the permanent reference serotyping reagents. In addition, this assay uses the standardized quellung reaction polyclonal antisera at a dilution of 100 to 1,000 fold. Thus, it is practical to fully characterize a batch of rabbit antisera with our rapid multiplex assay system and thus to use it for a long period of time worldwide. Our monoclonal antibodies may have identified two new epitopes on pneumococcal PS. So far, no epitopes have been defined that are specific for 18C and 23F (6) . Yet, our monoclonal antibodies Hyp18CM1 and Hyp23FG3 are specific for 18C and 23F, respectively, and must recognize new epitopes. We have provisionally labeled the epitopes as 18h and 23e. In addition to the present findings, we had previously reported a new epitope for 6A PS with a mouse monoclonal antibody (22) . Epitopes of pneumococcal PS have been identified so far with polyclonal rabbit antisera and mice and rabbits may recognize different epitopes. It is likely that the use of mouse monoclonal antibodies will reveal many new epitopes in pneumococcal PS.
Another advantage is the use of the bile solubility test for producing the lysates. In addition to yielding pneumococcal lysates, this step functions as a confirmation test for pneumococcal identification. This step was found to be useful because not all bacterial colonies growing on gentamicin blood agar plates are pneumococci. Indeed, even during the testing we encountered several nonpneumococcal isolates that were given to us as pneumococci; their insolubility in bile alerted us their misidentification. Since rare pneumococcal isolates are bile insoluble, we plan to examine these strains for the presence of pneumococcal surface protein A, pneumococcal surface adhesin A, or pneumolysin. An unused bead type in this assay may be used for pneumococcal surface protein A or pneumolysin assay detection.
Another advantage is that our present assay is very rapid due to the use of a multiplex assay for capsular PS. We have previously showed the feasibility of using a multiplex assay method for serotyping with polyclonal antibodies for 15 serotypes (15) . We have now increased the serotype coverage and have fully characterized the assay specificity with all 90 known serotypes of pneumococci. The present assay is sensitive enough to allow about 20-fold dilutions of most bacterial lysates. The dilution significantly reduced random effects of different strains and made the assay more robust. Further, our present method gives numerical outputs and printed records, which allow objective and reproducible interpretations. As a result, the present assay is a reliable and practical assay for serotyping pneumococci.
Our assay is not only practical but also compares favorably to alternative serotyping assays currently available such as the quellung reaction (6, 13, 20) , bacterial agglutination (2, 10), latex agglutination (9, 19, 21) , and enzyme-linked immunosorbent assay for capsular PS (4, 11) . Although bacterial agglutination, latex agglutination, and enzyme-linked immunosorbent assay methods are less laborious and have an end point easier to recognize than the quellung reaction, the three assays are manual, are not multiplexed, and have a limited repertoire of identifiable serotypes. Further, their assay specificity is not fully characterized with all 90 serotypes. Thus, our serotyping assay should be preferable to these methods.
Historically, the quellung reaction was used to define pneumococci serotypes (6, 13). The quellung reaction is now used in many laboratories to type a pneumococcal isolate for common serogroups with specially designed antiserum pools (20) . This limited use of the quellung reaction does not identify serotypes, and even this limited typing is laborious and requires expertise. When a large number of samples are analyzed with the quellung method, human errors are unavoidable. Our assay should be preferable to this limited use of quellung reactions. In a few reference laboratories, pneumococcal isolates are tested with a complete panel of serotyping antisera to determine their exact serotypes (18, 25) . The quellung reaction is well suited for this purpose, as the reagents exist. As a reference laboratory tries to determine the exact serotype of a large number of clinical isolates, the effort needed for serotyping itself, as well as for the production and characterization of serotyping reagents, becomes very large. Perhaps, in these situations, our method may be used to identify serotypes for most (about 90%) of isolates; the classical quellung reaction could then be used for the remainders that are at present not typed by our method.
A promising approach under development is to type pneumococci by utilizing the DNA sequences of the capsule-producing genes (1) that are being produced by the Sanger Institute in England (http://www.sanger.ac.uk/Projects/S_pneumoniae/), as well as other laboratories. This approach is attractive, since genetic materials can be analyzed with various multiplex analytical tools and increasingly with reduced efforts and costs (12) . To be able to serotype by DNA, all the capsule-producing genes of 90 serotypes are being sequenced (http://www.sanger.ac.uk/Projects /S_pneumoniae/). Also, the entire stretch of DNA containing all the capsule genes may be amplified from nearly all serotypes with one set of primers by PCR (8) , although many of the amplicons are much too long for the routine use of PCR. Nevertheless, this approach still has several fundamental problems. Some genetic differences are extremely small. For instance, the difference between the genes for serotypes 15B and 15C is a frameshift (24) . Also, it is yet unknown how much genetic variability exists among different isolates expressing the same serotype. Furthermore, at this time our method is simpler, faster, and much cheaper than available DNA approaches. Perhaps DNA assay methods can be used for the rare and unusual serotypes our assay cannot identify.
Our assay is designed for studies of pneumococcal vaccines. Bead set 1 is designed to evaluate conjugate vaccines with monoclonal antibodies. Bead set 2, along with set 1, is designed to evaluate the 23-valent PS vaccine. However, the advantages of our method, such as high throughput and the quantitative nature of the assay, should allow new applications. For instance, the frequency with which a person carries multiple pneumococcal serotypes in the nasopharyx is not clear, because in the past, only a few isolates from one person could be studied (7) . Because of the high throughput of our assay, one can obtain many isolates from nasopharyngeal cultures and serotype them all. Also, the quantitative nature of the assay may be useful in modifying this assay to detect capsular PS antigens in the urine of a patient. Such a test may be useful in establishing the diagnosis of pneumococcal pneumonia.
Lastly, our multiplex assay has several characteristics useful for a reference assay used for bacterial serotyping. Our assay can handle a large number of bacteria, produce quantitative results, and produce printed records. Also, our method uses monoclonal antibodies that can ensure serotype specificity in- VOL. 43, 2005 RAPID SEROTYPING ASSAY FOR PNEUMOCOCCI 161
